.-To screen for output signals that may distinguish the pacemaker in the mammalian suprachiasmatic nucleus (SCN) from peripheral-type oscillators in which the canonical clockworks are similarly regulated in a circadian manner, the rhythmic behavior of the transcriptome in forskolin-stimulated NIH/3T3 fibroblasts was analyzed and compared relative to SCN2.2 cells in vitro and the rat SCN. Similar to the circadian profiling of the SCN2.2 and rat SCN transcriptomes, NIH/3T3 fibroblasts exhibited circadian fluctuations in the expression of the core clock genes, Per2, Cry1, and Bmal1, and 323 functionally diverse transcripts, many of which regulate cellular communication. Overlap in rhythmic transcripts among NIH/3T3 fibroblasts, SCN2.2 cells, and the rat SCN was limited to these clock genes and four other genes that mediate fatty acid and lipid metabolism or function as nuclear factors. Compared with NIH/3T3 cells, circadian gene expression in SCN oscillators was more prevalent among genes mediating glucose metabolism and neurotransmission. Coupled with evidence for the rhythmic regulation of the inducible isoform of nitric oxide synthase (iNos) in SCN2.2 cells and the rat SCN but not in fibroblasts, studies examining the effects of a NOS inhibitor on metabolic rhythms in cocultures containing SCN2.2 cells and untreated NIH/3T3 cells suggest that the gaseous neurotransmitter nitric oxide may play a key role in SCN pacemaker function. This comparative analysis of circadian gene expression in SCN and non-SCN cells may have important implications in the selective analysis of circadian signals involved in the coupling of SCN oscillators and regulation of rhythmicity in downstream cells. suprachiasmatic nucleus; pacemaker; oscillator; rhythm; clock genes; Per1; Per2; Bmal1 (Mop3); Cry1; Cry2 CIRCADIAN CLOCKS HAVE EVOLVED as endogenous biological timekeeping mechanisms that coordinate a wide range of biological processes with the 24-h period of the daily solar cycle. In mammals, the suprachiasmatic nuclei (SCN) of the anterior hypothalamus function as a master clock that regulates overt circadian rhythms throughout the organism (18). The SCN clock is also capable of producing self-sustained circadian oscillations in many of its intrinsic molecular and cellular activities. SCN cells are marked by circadian regulation of neuropeptide secretion, cellular metabolism, and electrical activity in vivo and in vitro (13, 32). Moreover, recent gene profiling studies indicate that up to 10% of the transcriptome is rhythmically expressed in the SCN in vivo and in immortalized rat SCN cells (26, 29) . These endogenous molecular oscillations in the SCN are a critical property of the clock mechanism and presumably its output signals that regulate circadian rhythmicity in other cells or tissues. The SCN timekeeping mechanism consists of interlocking feedback loops in which the core components, Bmal1 (Mop3), Period1 (Per1), Per2, Cryptochrome1 (Cry1), Cry2, and Rev-erb␣, are rhythmically regulated through mutual interactions with their protein products. In turn, the molecular feedback loops involving these genes coordinate downstream rhythmicity in SCN-specific output genes that mediate clock-controlled oscillations in other neural or endocrine tissues.
activities. SCN cells are marked by circadian regulation of neuropeptide secretion, cellular metabolism, and electrical activity in vivo and in vitro (13, 32) . Moreover, recent gene profiling studies indicate that up to 10% of the transcriptome is rhythmically expressed in the SCN in vivo and in immortalized rat SCN cells (26, 29) . These endogenous molecular oscillations in the SCN are a critical property of the clock mechanism and presumably its output signals that regulate circadian rhythmicity in other cells or tissues. The SCN timekeeping mechanism consists of interlocking feedback loops in which the core components, Bmal1 (Mop3), Period1 (Per1), Per2, Cryptochrome1 (Cry1), Cry2, and Rev-erb␣, are rhythmically regulated through mutual interactions with their protein products. In turn, the molecular feedback loops involving these genes coordinate downstream rhythmicity in SCN-specific output genes that mediate clock-controlled oscillations in other neural or endocrine tissues.
Although the SCN is vital to the function of the mammalian circadian system, the expression and rhythmic regulation of these core clock genes are not confined to this neural locus. Instead, oscillations in the same genes forming the molecular core of the SCN clockworks occur widely in many peripheral cells and tissues (33, 38, 39) . Studies using in vitro models have yielded compatible evidence indicating that peripheral or non-SCN cells are also capable of expressing clock gene oscillations. Rat-1 and NIH/3T3 fibroblasts exposed to serum shock or forskolin treatment are similar to immortalized cells derived from the rat SCN (SCN2.2) with regard to rhythmic fluctuations in clock gene mRNA abundance (1, 3, 4, 6) . However, this similarity in the oscillatory nature of core clock elements does not provide for equivalent functional properties, because SCN cells have the capacity to act as pacemakers whereas peripheral tissues and cultured fibroblasts do not. For example, SCN2.2 cells, but not fibroblasts, restore circadian behavior when transplanted into arrhythmic, SCN-lesioned hosts in vivo (11) and also confer metabolic and molecular oscillations to cocultured cells via the secretion of an unknown diffusible signal (3) . Collectively, these findings raise the important question of why the molecular machinery found in the SCN and SCN2.2 cells does not propagate similar pacemaker function in fibroblasts.
A potential explanation is that SCN output signals necessary for its function in coordinating rhythmicity among individual clock cells and in downstream oscillators may not be expressed or circadian-regulated in stimulated fibroblasts. In the present study, we explored this possibility by analyzing global and circadian facets of gene expression in NIH/3T3 fibroblasts. The transcriptome in forskolin-stimulated fibroblasts was profiled over two circadian cycles and then compared with the patterns of gene expression observed in SCN2.2 cells and the rat SCN (26) . This comparison of the NIH/3T3 and SCN transcriptomes was used to identify the extent of overlap and fundamental differences in their basic expression and circadian regulation of specific genes. Using bioinformatic tools, we next examined the functional distribution of both nonrhythmic and circadianregulated genes that were found only in forskolin-stimulated NIH/3T3 fibroblasts or in SCN2.2 cells and the rat SCN. Because SCN-specific rhythms of gene expression were especially evident within pathways associated with intercellular communication, we probed implications of this information in differentiating candidate signals for the synchronization of SCN clock cells or pacemaker regulation of circadian rhythmicity in other cells. Based on evidence for the role of nitric oxide (NO) in resetting the SCN clock (8, 37 ) and the present observation that the inducible isoform of nitric oxide synthase (iNos or Nos2), an isozyme involved in NO production, is rhythmically expressed in the rat SCN and SCN2.2 cells but not in NIH/3T3 fibroblasts, this diffusible messenger was targeted for functional analysis. These experiments used our coculture model to determine whether treatment with the NOS inhibitor, N G -nitro-L-arginine methyl ester (L-NAME) alters the endogenous oscillatory and circadian pacemaker functions of SCN2.2 cells.
MATERIALS AND METHODS

NIH/3T3 cultures and RNA extraction.
For each of three biological replicates, NIH/3T3 cells (passages 4 and 5) were seeded on culture dishes (60 mm; Corning, Corning, NY) and maintained at 37°C and 5% CO 2 in Dulbecco's minimum essential medium (DMEM; Invitrogen, Carlsbad, CA) supplemented with 20% fetal bovine serum (FBS; HyClone, Logan, UT), 3,000 g/ml glucose and 292 g/ml L-glutamine. At 48-h intervals, the medium was changed and cultures were expanded 1:3 or 1:4. Prior to experimental analysis, cultures were plated in multiple T-75 flasks. At ϳ24 and 44 h after plating, the culture medium was changed so as to respectively lower the FBS concentration to 10% and then to 5%. To facilitate cell cycle and circadian oscillation synchronization across cultures, cells were subjected to medium replacement and exposed to serum-free medium (DMEM) containing 15 M forskolin (Calbiochem, La Jolla, CA) for 2 h. Cultures were rinsed and thereafter maintained in serum-free DMEM. Immediately after forskolin treatment, cells were harvested from individual flasks (approximate density: 1.3 ϫ 10 6 cells/cm 2 ) at 6-h intervals for 48 h and total cellular RNA was extracted using RNeasy Midi-Kit protocols (Qiagen, Valencia, CA). RNA extracts from individual samples were treated with on-column DNase-I digestion and concentrated with ethanol precipitations.
Affymetrix U74v2 GeneChip analysis. Prior to analysis, the quality of all NIH/3T3 RNA samples was assessed by electrophoresis on 1% agarose gels containing 0.1 g/ml ethidium bromide. Labeled cRNAs were produced from purified RNA collected at each time point and hybridized on mouse U74v2 GeneChips. Experimental procedures including double-stranded cDNA synthesis and biotinylated cRNA preparation were conducted according to recommended protocols described in Affymetrix GeneChip Expression Analysis Technical Manual (23) and processed as previously described for microarray analysis of SCN2.2 cells and the rat SCN (26) . To assure the quality of labeling and fragmentation efficiency, unfragmented and fragmented cRNA products were analyzed on an Agilent 2100 bioanalyzer prior to hybridization on arrays. Fragmented biotinylated cRNA (15 g) was hybridized on Affymetrix GeneChip mouse U74 version 2 arrays at 45°C and 60 rpm in a GeneChip Hybridization Oven 640 (Affymetrix, Santa Clara, CA) for 16 h.
Following hybridization, arrays were washed and stained using Affymetrix protocols for antibody amplification staining on a GeneChip Fluidics Station 400 in conjunction with Affymetrix Microarray Suite 5.0 software. After a brief wash with a nonstringent buffer, the stained signals on the array were then amplified with a solution containing 3 g/ml antistreptavidin biotinylated antibody (Vector Laboratories, Burlingame, CA), 1ϫ morpholine ethane sulfonic buffer, 2 mg/ml acetylated BSA, and 0.1 mg/ml normal goat IgG for 10 min followed by a second staining with streptavidin phycoerythrin for 10 min at 25°C. After a final wash with a stringent buffer, the probe array was scanned at the excitation wavelength of 570 nm using an Agilent GeneArray Scanner (Palo Alto, CA).
After scanning, each image was first checked for major chip defects or abnormalities during hybridization as a quality control. Arrays were scanned using a global scaling strategy in which the average absolute signal intensity of all arrays was set to an arbitrary target signal intensity of 500 prior to uploading into GeneSpring 7.3 software (Agilent Technologies, Palo Alto, CA).
Data processing and global analyses. GeneChip signal intensity data from three biological replicates of NIH/3T3 cells were uploaded into GeneSpring 7.2 and filtered in a similar fashion to that used for SCN2.2 cells (26) . For each GeneChip probe set, signal intensities were converted to Log base-2 values and then normalized to the 50th percentile of all measurements. Experimental averages of normalized data were calculated for each of nine time points in NIH/3T3 cells. The data were then sequentially filtered at three levels. To verify gene expression, we filtered the probe sets according to two criteria: 1) detection of a "present" flag in 55% or more of the time points and 2) a raw signal intensity value of Ն50, which was above the average experimental background signal in 55% or more of the time points. The temporal profiles of genes surpassing these expression criteria were filtered to isolate those showing stable expression. Stable genes were distinguished by temporal expression profiles that did not differ statistically (standard correlation value: P Ͼ 0.995) from a flat line created with the GeneSpring 7.3 "Draw Gene" tool. Finally, cycling genes with a peak-to-trough difference of 1.5-fold or greater and periodicities of 18 -30 h were identified among the remaining transcripts by methods similar to those described previously (7, 25, 26) . The normalized data were cross-correlated (P Ͼ 0.90) with cosine waves of specific phase and period using the PRISM software package (GraphPad, San Diego, CA). In addition, we imposed the requirement that rhythmic transcripts show at least one pair of nonoverlapping standard error bars between time points with the highest and lowest values. The analytical and amplitude criteria used to identify cycling transcripts in NIH/3T3 cells are consistent with those applied in experimental analyses using cDNA or oligonucleotide arrays to profile circadian gene expression (2, 7, 25, 26, 31) . Microarray data have been deposited in the National Center for Biotechnology Information's (NCBI) Gene Expression Omnibus database (accession numbers GSE 1654, 1673, 5810).
To assess the false positive rate for profiling rhythmically expressed genes in our analysis, data files were randomized by converting each file to a two-dimensional data matrix and then assigning each element of the array a mapped integer key stored in a one-dimensional array. The one dimensional array of keys was randomized by a perl module (List::Utils) utilizing a Fisher-Yates algorithm. The shuffled keys were read from the array and converted to their corresponding location in the data matrix. Data values were then read from the data matrix and written to the output file sequentially, producing a randomized version of the original data file while maintaining the numerical composition of the file. These randomized data were then subjected to the same analytical and amplitude criteria used to identify cycling transcripts in the original data sets for NIH/3T3 cells. Based on this randomization analysis, we estimate false positive rates of ϳ21% for NIH/3T3 cells.
Bioinformatics and validation. Because some genes surpassing circadian expression filters were represented on the mouse U74v2
GeneChip multiple times, we used GeneSpring 7.3 and bioinformatic tools available as links from the NCBI (27, 30), including basic local alignment search tool (5) , to identify unique genes with circadian profiles in NIH/3T3 fibroblasts. To compare the expression profiles of specific genes in these fibroblasts with those found in SCN2.2 cells or the rat SCN, we identified genes that were commonly represented on the mouse (U74v2) and rat (U34a) GeneChips using the "Genome Homology" tool in GeneSpring 7.3. For a small subset of clock and clock-controlled genes, quantitative PCR (qt-PCR) was used to validate rhythmic expression in NIH/3T3 fibroblasts. Circadian expression of cAMP responsive element modulator (Crem), fatty acid synthase (Fasn), aryl hydrocarbon receptor nuclear translocator (Arnt), fibroblastic growth factor 7 (Fgf7), stearoyl CoA desaturase (Scd1), the transcription factor Sef/If2 (Tcf4) and the core clock genes Per2, Bmal1 (Mop3), Cry1, was validated by qt-PCR. Quantification of relative mRNA abundance was performed using SYBR-Green real-time PCR technology [Applied Biosystems (ABI), Foster City, CA]. To generate single-strand cDNAs, total cellular RNA (1-2 g) was reverse transcribed using Superscript II (Invitrogen) and a primer mixture of oligo-dTs and random hexamers. Using the cDNA equivalent of 30 ng of total RNA, we then PCR amplified duplicate aliquots of each sample in an ABI PRISM 7700 sequence detection system (16) . The following probes and primers were designed using PrimerExpress software (ABI): mPeriod 2 forward: 5Ј-ATGCTCGCCATC-CACAAGA-3Ј; mPeriod 2 reverse: 5Ј-GCGGAATCGAATGG-GAGAAT-3Ј; mCry1 forward: 5Ј-CTGGCGTGGAAGTCATCGT-3Ј; mCry1 reverse: 5Ј-CTGTCCGCCATTGAGTTCTATG-3Ј; mBmal1 (Mop3) forward: 5Ј-CCAAGAAAGTATGGACACAGA-CAAA-3Ј; mBmal1 (Mop3) reverse: 5Ј-GCATTCTTGATCCTTCCT-TGGT-3Ј; Aryl hydrocarbon forward: 5Ј-GCATGGGCTCAC-GAAGGT-3Ј; Aryl hydrocarbon reverse: 5Ј-AACAGGGTCCACG-GAGCTAGT-3Ј; cAMP responsive element modulator forward: 5Ј-GGCTGCTGCCACAGGTG-3Ј; cAMP responsive element modulator reverse: 5Ј-CACCTTGTGGCAAAGCAGTAGT-3Ј; Fgf7 forward: 5Ј-AAGGGACCCAGGAGATGAAGA-3Ј; Fgf7 reverse: 5Ј-TGCCACAATTCCAACTGCC-3Ј; Scd1 forward: 5Ј-AACAC-CATGGCGTTCCAAA-3Ј; Scd1 reverse: 5Ј-GGTGGGCGCGGT-GAT-3Ј; CypA forward: 5Ј-TGTGCCAGGGTGGTGACTT-3Ј; CypA reverse: 5Ј-TCAAATTTCTCTCCGTAGATGGACTT-3Ј.
To control for differences in sample RNA content, either cyclophilin A (CypA) mRNA or ribosomal RNA (rRNA) was amplified with the cDNA equivalent of 1 ng of total RNA from the same samples. For all reactions, the comparative C T method described in the ABI Prism 7700 Sequence Detection System User Bulletin #2 was utilized to calculate the relative mRNA abundance for a given target gene. Using this method, we normalized the amount of target gene mRNA in each sample first to corresponding CypA mRNA or rRNA levels and then relative to a calibrator consisting of pooled cDNA from multiple samples that was analyzed on each reaction plate. Relative abundance of target mRNA was represented as a percentage of the maximal value obtained within an individual experiment.
Analysis of circadian phase and gene tree clustering. Consistent with our transcriptional profiling analysis of SCN2.2 cells (26), the phase of rhythmic genes in NIH/3T3 cells was determined by comparing the first peak of cyclic mRNA abundance (maxima of normalized signal intensity) in relation to the first four sampling intervals and to the circadian expression profiles of core clock genes. Based on this comparative relationship, rhythmically expressed genes showing peak mRNA abundance during the first (hour 0), second (hour 6), third (hour 12), or fourth (hour 18) sampling interval with recurrent 24-h peaks thereafter were respectively assigned to phase group (PG) I, II, III, and IV. For genes within each phase group, gene tree clustering was used to identify clusters of transcripts with similar expression patterns. Genes displaying common expression patterns were positioned on nearby branches separated by a distance of 0.02 or less using the Gene Tree clustering tool in GeneSpring 7.3. Clustered branches fulfilling this separation threshold were comparatively labeled in relation to the circadian expression profiles of clock or other clockcontrolled genes within the cluster.
NO and functional properties of SCN2.2 cells. Using our coculture model (3), this experiment was conducted to examine the effects of L-NAME, a highly competitive, slowly reversible inhibitor of all three isoforms of NOS in the central nervous system (CNS) (22) , on the generation of endogenous metabolic rhythms and/or the communication this rhythmicity to cocultured NIH/3T3 fibroblasts. SCN2.2 cells derived from a single passage were plated on multiple six-well companion plates (Falcon, Oxnard, CA), and these cultures were treated at confluence with 100 M L-NAME (Calbiochem, La Jolla, CA) or its inactive enantiomer, N G -nitro-D-arginine methyl ester (D-NAME, 100 M), for 48 h (0 -48 h). In parallel to these L-NAMEand D-NAME-treated SCN2.2 cells, cultures of NIH/3T3 fibroblasts were established and maintained separately on cell-impermeable inserts (23 mm, pore size ϭ 1 m). Following experimental treatment, SCN2.2 cells were re-exposed to normal growth medium and then cocultured for 60 h with inserts containing untreated NIH/3T3 cells (48 -108 h). Samples were collected at 4-h intervals to determine 2-deoxyglucose (2-DG) uptake in SCN2.2 cells during the period of L-NAME treatment (0 -48 h) and in both coculture compartments for the remainder of the experiment (48 -108 h). This analysis was performed on three companion wells or inserts at each time point. Individual samples were first analyzed with a liquid scintillation counter to determine 2-DG uptake and then processed for extraction of soluble protein.
Measurement of 2-DG uptake. SCN2.2 and NIH/3T3 cells were assayed for uptake of 2-DG using methods described previously (3, 11, 28) . Confluent cultures were incubated for 1 h with 14 C-labeled 2-DG (0.1 mCi/ml, American Radiological) diluted into culture medium. Following this incubation, cells were rinsed twice with Dulbecco's PBS (dPBS) without calcium or magnesium and removed from companion wells and inserts by trypsinization at 37°C for 5 min. Cells were then harvested by lysis with dPBS/1% SDS buffer. Aliquots of cell lysates (100 -200 l) were placed in scintillation vials in triplicate and then counted on a Beckman scintillation counter (Fullerton, CA). Determinations of 2-DG uptake were normalized for sample protein content as measured by the bicinchoninic acid method (Pierce, Rockford, IL). Peak values for rhythmic 2-DG uptake were identified when relative 2-DG levels were at least 1.5-fold higher than those observed during the preceding or succeeding minimum. Timedependent fluctuations were identified by one-way analysis of variance. Paired comparisons between determinations of 2-DG uptake at specific time points were analyzed post hoc for statistical differences by the Newman-Keuls sequential range test.
RESULTS AND DISCUSSION
Global and circadian properties of gene expression in NIH/ 3T3 cells. Global expression and circadian regulation of the NIH/3T3 transcriptome was examined over two cycles. In forskolin-stimulated NIH/3T3 cells, 5,830 (47%) of the 12,500 probe sets on the mouse U74v2 GeneChip fulfilled expression criteria. Of these detected probe sets, most (94%) displayed either stable (n ϭ 2,391) or noncircadian (n ϭ 3,111) patterns of expression (Table 1 , top). Relative to the total number of probe sets, a small proportion (2.6%) consisting of 157 unique genes and 166 expressed sequence tags (ESTs) or genes of unknown function was distinguished by circadian profiles in fibroblasts (Fig. 1) . Oscillations in NIH/3T3 expression profiles for some of these transcripts and the core clock genes Per2, Cry1, and Bmal1 (Mop3) were validated by qt-PCR (Supplemental Fig. S1 ). (The online version of this article contains supplemental material.) For NIH/3T3 rhythms in mRNA abundance, the amplitude of differences between peak and mini-mum levels ranged from 1.5-to 3.6-fold. The clock genes Per2 and Cry1 were among those oscillations with the highest rhythm amplitude in NIH/3T3 cells. The extent of circadian expression in the NIH/3T3 transcriptome is consistent with recent studies of serum-treated rat-1 fibroblasts (9) and in rat 3Y1 embryonic fibroblasts (14) in which the relative percentage (1-2%) and number of rhythmic genes (Ϸ41-85) were similarly low. Based on direct comparisons of homologous transcripts, NIH/3T3 cells showed only a limited set of rhythmically expressed genes in common with serum-treated rat-1 fibroblasts (10%) and embryonic fibroblasts (15%) (9, 14) .
Annexin, Rora, Cdk4, Ubiquitin-like protein 4, histone H2a, Ig chain V-region, and RAN GTPase activating protein 1 represent genes with circadian profiles that were common among NIH/3T3 cells and these fibroblast lines (Supplemental Table S1 ). The overlap in circadian gene expression between NIH/3T3 and rat-1 fibroblasts was especially evident within cell signaling genes associated with the Ras/MAP kinase pathway (9). The limited degree to which the circadian regulation of specific genes was common among NIH/3T3, rat-1, and rat 3Y1 embryonic fibroblasts may reflect differences in experimental analysis across these studies, including the developmental and/or species-specific origin (mouse vs. rat) of these lines, the type of stimulus used to induce rhythmicity (forskolin vs. serum shock), specific criteria for identifying rhythmicity, sampling interval and duration of analysis and the array type (Affymetrix or cDNA). The narrow scope and overlap of fibroblast oscillations in gene expression reported in this and previous studies are similar to that found among peripheral tissues in vivo (10) . Collectively, these observations support the view that circadian regulation of the transcriptome is largely cell or tissue specific so as to provide for the local coordination of important processes associated with their distinct functions.
Circadian phase and gene tree analyses. Based on comparisons of first peak of cyclic mRNA abundance in relation to the sampling intervals during the initial cycle (see MATERIALS AND METHODS), rhythmic genes in NIH/3T3 cells were distributed across all phases of the circadian cycle. The circadian patterns and phase distributions of the clock genes Per2 and Bmal1 (Mop3) and several other rhythmic transcripts were corroborated by qt-PCR (Supplemental Fig. S1 ). In NIH/3T3 fibroblasts, peak mRNA levels were observed at hour 0 and 24 for Per2 and at hour 12 and 36 for Bmal1 (Mop3) so the profiles for these clock genes were respectively categorized as PG I and PG III oscillations. Of the 323 rhythmically expressed unique Comparative analysis of gene expression and function in NIH/3T3 cells, suprachiasmatic nucleus (SCN) 2.2 cells, and the rat SCN. Top: array type, total number of probe sets, global characterization of transcripts fulfilling expression criteria, and whether these genes were stably or rhythmically expressed in NIH/3T3 cells, SCN2.2 cells, the rat SCN, or in common among all oscillator models. For individual and common determinations, the proportion of rhythmic genes relative to the total number of genes/probe sets on the mouse and rat GeneChips is also listed. Bottom: functional characterization of genes with nonrhythmic expression profiles based on their segregation into 7 basic categories: 1) energetics, 2) cell communication (including neurotransmission genes), 3) protein dynamics, 4) cellular development, 5) defense and detoxification, 6) cytoskeleton and adhesion, and 7) unknown or expressed sequence tags (ESTs). In each category, the number of nonrhythmic transcripts (and percentage relative to the total number of functionally annotated genes with acyclic profiles) is compared between NIH/3T3 cells, SCN2.2 cells, the rat SCN, and all experimental models. Fig. 1 . Venn diagram comparing circadian expression of homologous or functionally related genes in NIH/3T3 cells with that reported in microarray analyses of rat-1 (9) and rat 3Y1 fibroblasts (14) . Specific genes with rhythmic profiles in NIH/3T3 cells and rat 3Y1 or rat-1 fibroblasts are listed in Supplemental Table S1 . For each fibroblast line the percentage of rhythmic gene expression in proportion to the total number of genes or probe sets examined is denoted in parentheses.
genes or ESTs in NIH/3T3 fibroblasts, 238 exhibited PG I oscillations in which peak mRNA abundance coincided with the zenith of Per2 expression, whereas 23 exhibited PG III oscillations in which peak levels were contemporaneous with the crest of Bmal1 expression. The remaining groups of 25 and 37 transcripts with circadian profiles were distributed in PG II and IV, respectively.
Rhythmically expressed transcripts were analyzed further with gene tree clustering to determine whether the full temporal profiles were similar among a number of genes within each phase group. Within each phase group, clusters of rhythmic genes with similar expression profiles were assigned to a common branch. Gene lists of transcripts contained in these clusters are available at http://genenet.tamu.edu/servlet/ GSWG. An interesting ramification of this analysis is that the specific temporal patterns of expression differ even among core clock components and other rhythmic genes with coincident peaks of mRNA abundance and thus common phase designation.
Functional analyses of nonrhythmic and circadian gene expression in NIH/3T3 cells. To assess how fundamental cellular processes are differentially expressed in forskolin-stimulated NIH/3T3 fibroblasts, the Gene Ontology lists in GeneSpring 7.3 were used to separately organize noncircadian and clock-controlled genes according to seven broad functional categories: 1) energetics, 2) cell communication, 3) protein dynamics, 4) cell development, 5) defense and detoxification, 6) cytoskeleton and adhesion, and 7) unknown or ESTs. Of the 5,502 detected probe sets with nonrhythmic expression profiles in forskolin-stimulated fibroblasts, Ϸ2,100 functionally annotated genes were analyzed in this fashion. Functional categorization of these non-rhythmic genes revealed that 2.6% control energetic processes (n ϭ 55), 1.3% regulate aspects of neurotransmission (n ϭ 27), 20.4% are involved in cellular communication (n ϭ 428), 11.5% mediate the dynamics of gene expression by controlling protein translation, degradation, or trafficking (n ϭ 241), 51.6% regulate aspects of cell development including growth and maintenance (n ϭ 1,082), 2.6%, are associated with defense and detoxification (n ϭ 55), and 9.9% affect cytoskeletal elements, cellular adhesion, or components of the extracellular matrix (n ϭ 208). Approximately 3,400 genes could not be assigned to a specific category due to a lack of sufficient functional annotation (Table 1, bottom) .
The 157 unique genes with circadian expression profiles in NIH/3T3 cells were similarly segregated into these broad categories and then subdivided further into specific functional clusters. In NIH/3T3 fibroblasts, 11% of the annotated genes with rhythmic expression profiles (n ϭ 17) were involved in the regulation of energetic processes. these genes with energetic functions were subdivided into four functional clusters: 1) glucose metabolism and mitochondrial energy transduction (n ϭ 2), 2) lipid and fatty acid metabolism (n ϭ 3), 3) transporters of energy metabolites (transporters) (n ϭ 4), and 4) miscellaneous metabolism (n ϭ 8) (Supplemental Table  S2 ). Compared with the SCN where there is ample evidence for the circadian regulation of genes associated with glucose metabolism and mitochondrial energy transduction (26) , it is noteworthy that only two genes in this functional cluster were rhythmically expressed in NIH/3T3 fibroblasts. The greatest proportion/number of genes with circadian profiles (35%, n ϭ 55) were involved in other forms of cellular communication.
Rhythmic genes in this category were further subdivided into functional clusters: 1) neurotransmission (n ϭ 2), 2) cytosolic signaling factors and transducers (n ϭ 25), 3) nuclear factors (n ϭ 22), 4) G protein-coupled receptors and associated proteins (n ϭ 5), and 5) extracellular factors (n ϭ 1). Regulation of the cAMP pathway was common for rhythmically expressed genes that function as cytosolic signaling factors and transducers (n ϭ 2) or as nuclear factors (n ϭ 5). Twenty-six genes (17%) with rhythmic patterns of expression in NIH/3T3 cells were involved in different aspects of protein dynamics including protein degradation and synthesis (n ϭ 15), protein sorting and trafficking (n ϭ 7), and protein modification and folding (n ϭ 4). Twenty-four rhythmic genes (15%) exhibited common functions in the regulation of cellular development. Rhythmic genes within the cell development category were involved in the regulation of cell cycle (n ϭ 5), maintenance of DNA and chromatin (n ϭ 10), and growth and differentiation (n ϭ 9). The defense and detoxification category encompassed 13% of the rhythmic genes in NIH/3T3 fibroblasts (n ϭ 21). Circadian regulation was observed in 14 annotated genes with cytoskeletal or cellular adhesion functions (9%) (Supplemental Table  S2 ). Differential representation on the mouse U74v2 GeneChip may be an influential factor in the observed prevalence of nonrhythmic genes mediating cell development and of rhythmic genes involved in cell communication because analysis using the Simplified Gene Ontology lists in GeneSpring 7.3 indicates that the probe sets on the array were biased for genes in these functional categories (Ϸ21.3 and 11.1%, respectively).
Cross-model comparison of global and circadian properties. Because our analyses of circadian gene expression in the rat SCN and SCN2.2 cells used the same array technology and applied the same expression and rhythm amplitude criteria as well as the cross-correlation with cosine waves (26), we next compared the NIH/3T3 and SCN transcriptomes with regard to global properties and temporal regulation of gene expression. The breadth of gene expression in NIH/3T3 and SCN2.2 cells was similar (47 and 45%, respectively) and greater than that observed in the rat SCN (33%). In NIH/3T3 fibroblasts, 5,830 out of the 12,500 probe sets (47%) on the mouse U74v2 GeneChip surpassed expression criteria. Relative to the 8,800 probe sets on the rat U34a GeneChip, 3,993 in SCN2.2 cells and 2,929 in the rat SCN fulfilled expression criteria (Table 1 , top). Further comparisons revealed that the proportion of genes with stable expression profiles was greater in NIH/3T3 cells (19%, n ϭ 2,391) than in SCN2.2 cells (12%, n ϭ 1,035) or the rat SCN (7%, n ϭ 584), whereas the extent of circadian gene expression was similar across these oscillator models (2.6, 1.8, and 3.4%, respectively; Table 1 
, top).
We also compared NIH/3T3 fibroblasts, SCN2.2 cells, and the rat SCN with regard to the functional distribution of genes with circadian profiles (Fig. 2) . In all of these oscillator models, circadian fluctuations were observed in genes with a wide range of functions although rhythmic gene expression was typically more prevalent within certain functional categories or clusters. NIH/3T3 fibroblasts, SCN2.2 cells, and the rat SCN exhibited some similarities in the functional distribution of rhythmically expressed genes with cytosolic signaling factors, transducers, and nuclear factors in the cellular communication category commonly representing a large proportion of the annotated genes with rhythmic profiles. Corresponding to this functional distribution, genes mediating cellular commu-nication are also prevalent among the cadre of rhythmic transcripts observed in mammalian peripheral tissues such as the liver, heart, and kidney (10, 17, 29, 35, 36) . However, there were notable differences in the functional configurations of circadian gene expression in NIH/3T3 fibroblasts relative to those found in SCN2.2 cells and the rat SCN. Compared with the functional distribution of SCN oscillations, circadian rhythmicity in NIH/3T3 cells was differentially evident among genes associated with maintenance of DNA and chromatin (N), defense and detoxification (P), and cytoskeletal elements and adhesion (Q). Relative to NIH/3T3 fibroblasts, circadian profiles in both SCN2.2 cells and the rat SCN were more prevalent among genes involved in glucose metabolism and mitochondrial energy transduction (A), neurotransmission (E), the regulation of G protein-coupled receptors and associated proteins (G), and protein modification and folding (L). The extent of circadian regulation was similar among all three oscillator models only for genes affiliated with cell growth and differentiation (O) (Fig. 2) .
We then assessed NIH/3T3 fibroblasts, SCN2.2 cells, and the rat SCN for overlap as well as fundamental differences in the temporal regulation of 2,255 probe sets with common representation on both the mouse U74v2 and rat U34a GeneChips (Fig. 3) . Of these 2,255 probe sets, 413 (18%) fulfilled expression criteria used in this study. Many of these genes (n ϭ 344) were distinguished by stable (n ϭ 60) or noncircadian (n ϭ 284) expression profiles in NIH/3T3 fibroblasts, SCN2.2 cells, and the rat SCN (Table 1, top) , and functional annotations were identified for 162 of these nonrhythmic probe sets using our filters. Functional analysis of the commonality in the noncircadian expression of these annotated genes (n ϭ 162) across all three oscillator models revealed that these genes control diverse biological processes but were most prevalent in the cell communication (18.5%, n ϭ 30) and cellular development categories (66.7%, n ϭ 108) ( Table 1 , bottom). It is interesting that the NIH/3T3 fibroblasts, SCN2.2 cells, and the rat SCN showed similar proportions of noncircadian gene expression in the cellular development and defense and detoxification categories (Table 1, bottom) .
Overlap in circadian gene expression across NIH/3T3 fibroblasts, SCN2.2 cells, and the rat SCN was limited to four of the commonly represented genes on the mouse and rat GeneChips (0.2%, Fig. 3 ): Scd1, long chain fatty acyl CoA synthase (Facl), Tcf4, and Ngfi-A/early growth response 1 (Egr-1) (Supplemental Table S2 ). These rhythmic genes are involved in fatty acid or lipid metabolism (Scd1 and Facl), or function as nuclear factors in cell communication pathways (Tcf4 and Egr-1). Circadian expression of the core clock genes Per2, Cry1, and Bmal1 was also common among all three models, although this observation is based on qt-PCR analysis because the mouse and rat GeneChips are largely different with regard to the representation of specific clock genes. The limited degree of overlap in circadian gene expression between NIH/ 3T3 fibroblasts, SCN2.2 cells, and the rat SCN is consistent with reported comparisons of microarray data indicating that only 10% of the rhythmically expressed transcripts were common to the SCN, peripheral tissues, and cultured fibroblasts (10) and that the canonical clock genes constituted the principal portion of this overlap in circadian gene expression. In both this review and the present comparative analyses, it is noteworthy that nuclear factors were identified as a prevalent functional category among the remaining common genes with circadian profiles. This observation suggests that the circadian regulation of nuclear factors may play a critical role in the common oscillatory function of different tissues throughout the body.
To complement this analysis of overlap between experimental models, the temporal expression profiles of the 2,255 commonly represented probe sets were subsequently assessed for differences between NIH/3T3 fibroblasts and SCN cells. inhibitor of DNA-binding 1, splice variant 1d1 Category 3: protein dynamics (n ϭ 2) Degradation and synthesis AA859882 ubiquitin carboxyl-terminal hydrolase 1 (Uchl1) AA849648 ribosomal gene L21 (Rpl21) Category 4: cellular development (n ϭ 3)
Maintenance of DNA and chromatin H33461 oxidation resistance 1 (Oxr1) AA964849 ADP-ribosyltransferase 1 (Adprt) Growth and differentiation D89983 ornithine decarboxylase antizyme inhibitor (Oazi) Category 5: defense and detoxification (n ϭ 1) U01344 A-2 arylamine N-acetyltransferase 1 (Nat1) Category 6: cytoskeletal elements and adhesion (n ϭ 0) Functional categorization of annotated genes with circadian expression profiles in SCN2.2 cells and the rat SCN but not NIH/3T3 fibroblasts. Genbank ID, gene descriptor and symbol, and functional category/cluster are denoted for each gene that was rhythmically expressed in both SCN2.2 cells and the rat SCN. Genes with SCN-specific rhythmic profiles were identified using previous expression criteria (26) and classified in accord with the functional categories as listed in Table 1 . In addition, the energetics and cell communication categories were subdivided into the following clusters to further delineate gene function: glucose metabolism and mitochondrial energy transduction, transporters, miscellaneous metabolism, neurotransmission, G protein-coupled receptors and associated proteins, nuclear factors, protein degradation and synthesis, protein modification and folding, maintenance of DNA and chromatin, and growth and differentiation. *Rhythmic genes that were identified by secondary expression criteria (26) .
For genes and ESTs with noncircadian profiles, 194 (8.6%) were expressed in NIH/3T3 fibroblasts but not in SCN2.2 cells and the rat SCN. Of the annotated genes with noncircadian profiles that were exclusively expressed in NIH/3T3 cells, many were associated with cell communication (n ϭ 44, 23%) or cellular development (n ϭ 15, 8%) (Supplemental Table  S2 ). It is interesting that the differential expression of noncircadian genes in NIH/3T3 cells includes three in the energetics category that function either in the transport of neurotransmitters [5-hydroxytryptamine (serotonin) transporter (Slc6a4) and glycine transporter 1 (Glyt1)] or in the regulation of glucose metabolism [glycerol-3-phosphate dehydrogenase (Gdm1)]. Only 10 noncircadian genes (0.4%) were expressed in SCN2.2 cells and the rat SCN but not in NIH/3T3 fibroblasts. These genes with SCN-specific noncircadian profiles included defender against cell death (Dad-1), prostaglandin F2 receptor negative regulator (Ptgfrn), chemokine (C-X3-C motif) ligand 1 (Cx3cl1), ADP-ribosylation factor 4 (Arf4), farensyl diphosphate synthase (Fdps), isopentenyl-diphosphate delta isomerase (Idi1), par-3 (partitioning defective 3) homolog (Pard3), actin beta (Actb), serum and glucocorticoid-regulated kinase (Sgk), and gephyrin (Gphn).
For rhythmic genes, 26 (1.2%) were marked by circadian expression in NIH/3T3 fibroblasts but not in SCN2.2 cells and the rat SCN (Fig. 3) . Annotated genes with fibroblast-specific circadian profiles were primarily involved in the regulation of cellular communication (n ϭ 8, 0.4%) and defense and detoxification pathways (n ϭ 6, 0.3%). On the basis of our previous microarray study (26) , 28 annotated genes, 8 of which were identified by supplementary screening analyses, exhibited circadian expression patterns in SCN2.2 cells and the rat SCN but not in NIH/3T3 fibroblasts ( Table 2 ). It is noteworthy that functionally annotated genes with SCN-specific rhythms of expression were predominantly involved in the regulation of cellular communication (n ϭ 16) and energetic processes related to metabolism and transport (n ϭ 7). The distribution of rhythmically expressed genes in the former functional category may have some significance with regard to SCN-specific signals necessary for the endogenous generation of self-sustained rhythmicity, temporal synchrony among individual clock cells, or pacemaker coordination of circadian rhythmicity in downstream oscillators. iNos or Nos2, syntaxin 4 (Stx4a), glycine receptor, alpha 1 subunit (Glra1), cytosolic phospholipase A2 (Pla2g4a), SAP kinase/mitogen-activated protein kinase 12 (Mapk12/Erk-6), serine-threonine kinase receptor/activin a receptor type II-like 1 (Acvrl1), calcitonin/calcitonin-related polypeptide, alpha (Calca), and pregnancy upregulated nonubiquitously expressed CaM kinase (Pnck) are notable examples of genes in intercellular communication pathways with circadian expression profiles that were unique to SCN2.2 cells and the rat SCN. The identification of Nos2 as a distinctive SCN output signal using this comparative microarray and bioinformatics approach is particularly intriguing in relation to previous functional studies targeting the other isoforms of this enzyme, neuronal Nos (nNos or Nos1) and endothelial Nos (eNos or Nos3). These studies suggest that NO signaling is not essential for SCN circadian function because mutant mice lacking nNos or eNos show normal activity rhythms with regard to their free-running patterns, entrainment to light-dark cycles, and phase-shifting responses to light (19, 20) . However, the function of Nos2 in the SCN and the regulation of circadian rhythms has not been examined, presumably based on the implications of these studies and the prevailing bias that this isozyme is expressed by macrophages (24) Fig. 4 . Temporal profiles of 2-deoxyglucose (2-DG) uptake in cocultures containing L-NAME-or D-NAME-treated (100 M) SCN2.2 cells (top) and untreated NIH/3T3 fibroblasts (bottom). SCN2.2 cells were treated for 48 h with the NOS inhibitor L-NAME (dashed line, ‚) and then cocultured for 60 h with untreated NIH/3T3 cells (dashed line, E). Control cultures of SCN2.2 cells were treated with its inactive enantiomer D-NAME (solid line, OE) and then cocultured with untreated NIH/3T3 fibroblasts (solid line, F). The shaded region in the top panel demarcates the interval of SCN2.2 treatment with L-NAME or D-NAME (hour 0 -48). Symbols denote determinations of 2-DG uptake (n ϭ 3, means Ϯ SE) at 4-h intervals. Values for 2-DG uptake are plotted as a function of time such that time 48 denotes when treated SCN2.2 cells were first cocultured with untreated NIH/3T3 fibroblasts. *Sampling intervals during which peak values for 2-DG uptake were significantly greater (P Ͻ 0.05) than those observed during preceding or succeeding minima.
enantiomer, D-NAME, exhibited circadian rhythms of 2-DG uptake during (0 -48 h) and after (48 -108 h) the period of treatment (Fig. 4) . When cocultured with D-NAME-treated SCN2.2 cells, untreated NIH/3T3 fibroblasts were also characterized by the circadian regulation of 2-DG uptake, with a 4-h phase delay in their rhythmicity relative to that observed in SCN2.2 cells (Fig. 4) . This phase relationship between SCN2.2 and NIH/3T3 rhythms in 2-DG uptake is similar to that observed in previous studies (3). For both cell types in cocultures containing D-NAME-treated SCN2.2 cells and untreated NIH/3T3 fibroblasts, peak levels of 2-DG uptake were approximately twofold greater than the corresponding minimum and the peak-to-peak interval, which is indicative of the period for the rhythm in glucose utilization, consistently 24 h. Rhythmic 2-DG uptake reached peak values at 0, 24, 48, 72, and 96 h in D-NAME-treated SCN2.2 cells and at 52, 76, and 100 h in untreated NIH/3T3 fibroblasts. During treatment with the NOS inhibitor (0 -48 h) L-NAME (0 -48 h), 2-DG uptake in SCN2.2 cells showed no evidence of circadian rhythmicity (Fig. 4) and remained at intermediate levels with respect to the circadian maxima and minima observed in control cultures of SCN2.2 cells. Following L-NAME treatment (48 -108 h), the temporal profiles of 2-DG uptake in both SCN2.2 cells and cocultured NIH/3T3 fibroblasts were marked by circadian rhythmicity. However, posttreatment rhythms in 2-DG uptake were altered in both coculture compartments. Peak levels of 2-DG uptake were observed at 64 and 96 h posttreatment in SCN2.2 cells and at 68 and 100 h in cocultures of untreated NIH/3T3 cells. Although the 4-h phase difference between SCN2.2 and NIH/ 3T3 metabolic rhythms was maintained during all posttreatment cycles, it is noteworthy that the peak-to-peak interval for rhythmic 2-DG uptake in both cell types was increased to 32 h.
One possible explanation for the observed loss of rhythmic 2-DG uptake in SCN2.2 cultures during the treatment interval is that L-NAME-mediated inhibition of NOS and NO signaling may disrupt the clock mechanism by altering the biological effects of NO through the intracellular second messenger cGMP and/or on posttranslational modification of cellular proteins (15, 21) . It is also possible that the loss of metabolic rhythmicity in SCN2.2 cultures may reflect L-NAME inhibition of NO function as a diffusible messenger in the intercellular coupling or synchronization of clock cell populations. Decreased coupling strength among multiple oscillators is thought to produce changes in rhythm amplitude or period length from the population mean and thus result in irregular ensemble rhythmicity (12) . Thus, the disruption of rhythmic 2-DG uptake may be derived from the effects of L-NAME on NO function in the coordination of metabolic oscillations among populations of SCN2.2 clock cells. However, the implications of these results are subject to the caveat that global inhibition of NOS activity with L-NAME does not allow distinctions between Nos2 and other isoforms, neuronal Nos (nNos or Nos1) and endothelial Nos (eNos or Nos3), with regard to their relative importance in SCN circadian function. In addition, the effects of L-NAME-induced NOS inhibition on SCN2.2 pacemaker function were not studied during the period of treatment because the coculture model is not well suited for differentiating the effects of pharmacological agents on a specific cell type due to the ready diffusion of these agents across coculture compartments. Consequently, further analysis using siRNA or antisense approaches will be necessary to directly assess Nos2 function in the endogenous rhythm-generating and circadian pacemaker properties of SCN2.2 cells. Nonetheless, the identification of Nos2 as an SCN-specific circadian signal in our comparative microarray analyses and the L-NAME-induced rhythm disturbances in SCN2.2-NIH/3T3 cocultures suggest that NO may play an important role in the distinctive oscillatory and pacemaker functions of SCN2.2 cells.
In summary, previous studies have suggested comparisons of array data provide negligible information beyond the indication that circadian gene expression is highly disparate among different tissues or cell types. Our comparative analyses of gene expression profiles in NIH/3T3 fibroblasts, SCN2.2 cells, and the rat SCN are certainly consistent with this general observation but also underscore some implications of the limited overlap and substantial differences in rhythmic transcripts across these oscillator models. In conjunction with the canonical clock genes, Per2, Cry1 and Bmal1, genes that mediate fatty acid or lipid metabolism (Scd1 and Facl) or function as nuclear factors in cell communication pathways were the only rhythmically expressed transcripts in common among NIH/3T3 fibroblasts, SCN2.2 cells, and the rat SCN. Further analysis is warranted to determine whether genes in these functional clusters are responsible for the common oscillatory properties of the SCN and other tissues or cells throughout the body. The present identification of SCN-specific differences provides further insight into why the SCN in vivo and SCN2.2 cells, but not fibroblasts, are capable of generating self-sustained rhythmicity and functioning as circadian pacemakers. Nos2 and other rhythmic genes involved in the regulation of intercellular communication were differentially identified as critical circadian signals expressed only in SCN cells. On the basis of our analysis of NOS function in this study, these genes will provide a suitable focus for identifying signaling pathways responsible for the coupling of SCN oscillators or the coordination of rhythmicity in other cells and tissues.
